The Nem1-Spo7 protein phosphatase plays a role in lipid synthesis by controlling the membrane localization of Pah1, the diacylglycerol-producing phosphatidate (PA) phosphatase that is crucial for the synthesis of triacylglycerol in the yeast Saccharomyces cerevisiae. By dephosphorylating Pah1, Nem1-Spo7 facilitates its translocation to the nuclear/endoplasmic reticulum membrane for catalytic activity. Like its substrate Pah1, Nem1-Spo7 is phosphorylated in the cell, but the specific protein kinases involved remain to be identified. In this study, we demonstrate that the Nem1-Spo7 complex is phosphorylated by protein kinase A (PKA), which is associated with active cell growth, metabolic activity, and membrane phospholipid synthesis. In vitro phosphorylation of purified Nem1-Spo7 and of their synthetic peptides revealed that both subunits of the phosphatase complex are PKA substrates. Using phosphoamino acid and phosphopeptide-mapping analyses coupled with sitedirected mutagenesis, we identified Ser-140 and Ser-210 of Nem1 and Ser-28 of Spo7 as PKA-targeted phosphorylation sites. Immunodetection of the phosphatase complex from the cell with anti-PKA substrate antibody confirmed the in vivo phosphorylations of Nem1 and Spo7 on the serine residues. Lipid-labeling analysis of cells bearing phosphorylation-deficient alleles of NEM1 and SPO7 indicated that the PKA phosphorylation of the phosphatase complex stimulates phospholipid synthesis and attenuates the synthesis of triacylglycerol. This work advances the understanding of how PKA-mediated posttranslational modifications of Nem1 and Spo7 regulate lipid synthesis in yeast.
The Nem1-Spo7 protein phosphatase complex, originally identified as a membrane component that participates in nuclear envelope morphogenesis (1) , plays an important role in yeast lipid metabolism (2, 3) . It principally functions to dephosphorylate Pah1 (4 -6), a PA 2 phosphatase enzyme (7) whose molecular function is to catalyze the dephosphorylation of PA to form DAG (8, 9) (Fig. 1A) . Through its reaction, the PA phosphatase controls the bifurcation of PA for the synthesis of TAG via DAG or for the synthesis of membrane phospholipids via CDP-DAG (10, 11) ( Fig. 1A) .
Nem1 and Spo7 are integral nuclear/ER membrane proteins; they both possess two transmembrane-spanning domains (1) ( Fig. 1B) . Nem1 binds to Spo7 through its conserved C-terminal domain, and this association is responsible for the formation of the complex in the membrane bilayer (1) (Fig. 1A) . Nem1, which serves as the catalytic subunit, is a member of the haloacid dehalogenase superfamily (12, 13) ; its phosphatase activity depends on the DXDX(T/V) catalytic motif within its HAD-like domain (1, 4) (Fig. 1B) . Spo7, which serves as the regulatory subunit (1) , associates with Pah1 to facilitate the formation of the Nem1-Spo7/Pah1 phosphatase complex (14, 15) .
Pah1 is a phosphoprotein in the cytosol; it is phosphorylated by multiple protein kinases that include Pho85-Pho80 (16) , Cdc28 -cyclin B (17) , PKA (18) , PKC (19) , and casein kinase II (20) (Fig. 1A) . The phosphorylations by Pho85-Pho80 (16), Cdc28 -cyclin B (4, 17) , and PKA (18) inactivate Pah1 by causing its retention in the cytosol apart from its substrate PA at the nuclear/ER membrane (Fig. 1A ). In addition, the phosphorylations of Pah1 by Pho85-Pho80 (16) and PKA (18) cause the inhibition of its PA phosphatase activity. The phosphorylation by casein kinase II does not have a major effect on the PA phosphatase activity, but it reduces subsequent phosphorylation of Pah1 by PKA (20) . The phosphorylation by PKC does not affect the location of Pah1 or its PA phosphatase activity, but instead affects its stability (19) . The PKC phosphorylation of Pah1, which is favored when it is not already phosphorylated by Pho85-Pho80, promotes its degradation by the 20S proteasome (19, 21) (Fig. 1A) . By removing phosphate groups from Pah1, Nem1-Spo7 facilitates the binding of Pah1 to the ER membrane and to its substrate PA (22) and, at the same time, stimulates PA phosphatase activity (5, 6, 16, 17) . The net result of dephosphorylating Pah1 is the increase in TAG synthesis, which occurs at the expense of membrane phospholipid synthesis (5, 6, 16, 17) .
Insights into the physiological functions of the Nem1-Spo7/ Pah1 phosphatase cascade have been gained through mutant phenotypes. Cells that carry the nem1⌬, spo7⌬, or pah1⌬ mutation exhibit the abnormal expansion of the nuclear/ER membrane (1, 4) . The expansion of the membrane in cells lacking the Nem1-Spo7 complex or Pah1 has been attributed to an increase in membrane phospholipid synthesis, which happens at the expense of TAG synthesis (7, 23, 24) . The increase in phospholipid synthesis correlates with the derepression of phospholipid synthesis gene expression (4, 25) , whereas the decrease in TAG synthesis correlates with a decrease in the formation of cytoplasmic lipid droplets (26 -28) . The loss of Pah1 function gives rise to a multiple assortment of other phenotypes that include the susceptibility of cells to fatty acidinduced toxicity (26) , defects in cell wall integrity (29, 30) , vacuole fusion and acidification (31, 32) , and the inability to grow on nonfermentable carbon sources (7, 33) and at elevated temperatures (4, 7, 33) . Cells lacking Pah1 are also hypersensitive to oxidative stress and exhibit an apoptosis phenotype (26) and a decrease in chronological life span (34) . Along the lines of the latter phenotypes, mutants lacking Pah1 or the Nem1-Spo7 complex exhibit a defect in autophagy (35, 36) . Taken together, these phenotypes emphasize the importance of the Nem1-Spo7/Pah1 phosphatase cascade in the regulation of lipid synthesis and cell physiology. Given the importance of dephosphorylation on Pah1 function, it is evident why cells lacking the Nem1-Spo7 complex exhibit similar phenotypes as cells lacking Pah1.
The physiological function of the Nem1-Spo7 phosphatase is well established, but our understanding of its enzymology and regulation is just emerging. The phosphatase activity depends on Mg 2ϩ ions, a hallmark characteristic of DXDX(T/V) motifcontaining enzymes, and has the pH optimum of 5.0 (6, 37) . Nem1-Spo7 dephosphorylates all phosphorylated residues on Pah1 (4) , and the specificity of the dephosphorylations is in the order of the sites phosphorylated by Pho85-Pho80 Ͼ PKA ϭ casein kinase II Ͼ Cdc28 -cyclin B Ͼ PKC (6, 20) . That Nem1-Spo7 has the greatest affinity for the sites phosphorylated by Pho85-Pho80 is consistent with the major effects (e.g. increase in membrane association and TAG synthesis and increase in 20S proteasomal degradation) imparted by the alanine mutations of the seven sites phosphorylated by Pho85-Pho80 (5, 16, 17) . The acidic pH optimum correlates with the intracellular pH (ϳ5) of yeast cells as they progress into the stationary phase (6, 37) , the phase of growth when Pah1 function and TAG synthesis are maximal and the partitioning of PA toward lipid storage is favored over membrane phospholipid synthesis (24, 37, 38) .
Whereas the Nem1-Spo7 phosphatase functions to dephosphorylate Pah1, both subunits of the complex are subject to phosphorylation (39, 40) . However, the protein kinases involved have yet to be identified. In the current study, we showed that PKA, the principal protein kinase that transmits signals through the RAS/cAMP pathway in yeast (41, 42) , phosphorylates Nem1 and Spo7 in vitro and in vivo. Ser-140 and Ser-210 in Nem1 and Ser-28 in Spo7 were identified as the principal sites of phosphorylation. Lipid compositional analyses of cells bearing phosphorylation-deficient mutations in Nem1 and Spo7 indicated that the PKA phosphorylation of the complex stimulates phospholipid synthesis and attenuates the synthesis of TAG. This work advances the understanding of the posttranslational modifications of Nem1 and Spo7 and the PKA-mediated regulation of lipid synthesis in yeast.
Results

Nem1 and Spo7 are phosphorylated by PKA
The subunits of the Nem1-Spo7 phosphatase complex are known to be phosphorylated in vivo (15, 39, 40) , and they possess putative target sites for PKA (43, 44) . To address the hypothesis that Nem1 and Spo7 are phosphorylated by PKA, we examined the enzyme-substrate relationship using a purified preparation of the phosphatase complex. Nem1 was expressed as a fusion protein tagged with protein A to facilitate its purification by affinity chromatography with IgG-Sepharose (1). The purified Nem1-Spo7 complex was nearly homogeneous and enzymatically active on its substrate Pah1 phosphorylated by Pho85-Pho80 (6) . The phosphorylation of Nem1-Spo7 was catalyzed by bovine heart PKA, which is structurally and functionally like the protein kinase from yeast (45) and has been used to identify the phosphorylation sites of yeast phospholipid metabolism proteins (18, 46 -49) .
For the in vitro phosphorylation of Nem1-Spo7, the phosphatase complex was incubated with PKA and [␥-32 P]ATP, A, Pah1 in the cytosol is phosphorylated by the indicated protein kinases. The phosphorylated Pah1 (indicated by the blue glow) translocates to the ER membrane through its dephosphorylation by the Nem1 (catalytic subunit, green)-Spo7 (regulatory subunit, peach) complex. Dephosphorylated Pah1 that is associated with the ER membrane catalyzes the conversion of PA to DAG, which is then acylated to form TAG. Dephosphorylated Pah1 or PKC-phosphorylated Pah1 that is not phosphorylated at the seven target sites for the Pho85-Pho80 protein kinase is degraded by the proteasome (indicated by the dashed line arrows). PA is also utilized for the synthesis of membrane phospholipids via CDP-DAG. When the CDP-DAG pathway for phospholipid synthesis is blocked, phosphatidylcholine or phosphatidylethanolamine may be synthesized from the DAG derived from the PA phosphatase reaction if cells are supplemented with choline or ethanolamine via the Kennedy pathway. The reactions highlighted in white take place in the cytosol, whereas the reaction highlighted in pink takes place in the mitochondria. CKII, casein kinase II; PS, phosphatidylserine; PE, phosphatidylethanolamine; PC, phosphatidylcholine; PI, phosphatidylinositol. B, the diagrams show the positions of the two transmembrane (TM)-spanning regions in Nem1 and Spo7, the HAD-like domain that contains the DXDX(T/V) catalytic motif in Nem1, and serine (S) residues identified in this work as the sites phosphorylated by PKA. HAD, haloacid dehalogenase.
resolved by SDS-PAGE, and transferred to a PVDF membrane. Phosphorimaging analysis of the membrane showed that radioactive phosphate was transferred from [␥-32 P]ATP to Nem1 and Spo7 ( Fig. 2A, left) . Immunoblot analysis with anti-Nem1 and -Spo7 antibodies confirmed the identity of radiolabeled Nem1 and Spo7 ( Fig. 2A, right) . Phosphoamino acid analysis of 32 P-labeled Nem1 and Spo7 showed that they are both phosphorylated on the serine residue ( Fig. 2B ).
In the in vitro phosphorylation of the Nem1-Spo7 phosphatase complex, PKA activity on the Nem1 and Spo7 substrates depended on the amount of the protein kinase, the time of the reaction, and the concentration of ATP ( Fig. 3 ). Based on the stoichiometry of protein phosphorylation, Nem1 and Spo7 are similarly phosphorylated by PKA (Fig. 3, bottom) . Analysis of the data in Fig. 3C according to the Michaelis-Menten equation showed that the apparent K m values for ATP in the phosphorylation of Nem1 and Spo7, respectively, were similar (5.7 Ϯ 0.7 and 7.1 Ϯ 1.2 M) and within the range of those reported for other PKA substrates of lipid metabolism (10), including Pah1 (18) . The kinetic analysis to determine K m values for Nem1 and Spo7 was not carried out due to a limitation in the amount of pure Nem1-Spo7 complex.
Effects of alkaline phosphatase and PKA on Nem1-Spo7 phosphatase activity
We examined the PKA phosphorylation effect of Nem1-Spo7 on its enzyme activity with Pah1 phosphorylated by Pho85-Pho80 (6) . The Nem1-Spo7 complex was purified from yeast cells, phosphorylated by PKA, and then assayed for its phosphatase activity on the phosphorylated Pah1. After its phosphorylation, the Nem1-Spo7 complex did not show a major change in phosphatase activity. Considering that Nem1-Spo7 is endogenously phosphorylated, this result may also indicate that the phosphatase complex is sufficiently phosphorylated by PKA in the cell, and its additional in vitro phosphorylation has little effect. To address this possibility, purified Nem1-Spo7 was first treated with alkaline phosphatase to remove its phosphate groups and then phosphorylated by PKA. The dephosphorylation of Nem1-Spo7 resulted in a dose-dependent decrease (33% at its maximum) of its enzyme activity ( Fig. 4 , left). However, its rephosphorylation by PKA did not restore the enzyme activity ( Fig. 4, right) . In fact, the rephosphorylation of the Nem1-Spo7 complex by PKA reduced the protein phosphatase activity by 10%. Whereas this modest effect was reproducible, it was not statistically significant. These results also indicated that a site(s) phosphorylated by another protein kinase is responsible for stimulating the phosphatase activity of the complex.
PKA phosphorylates Nem1 and Spo7 synthetic peptides
We sought to identify which serine residues of Nem1 and Spo7 are phosphorylated by PKA. Analysis of the Nem1 sequence by the web-based servers NetPhosK (43) and Net-PhosYeast (44) indicated that several serine residues (e.g. Ser-140, Ser-195, Ser-201, Ser-208, Ser-210, Ser-375, and Ser-376) are target phosphorylation sites. Using synthetic peptides containing the putative serine residues, we examined the in vitro phosphorylation by PKA ( Fig. 5A ). This analysis showed that the peptide containing Ser-210 was best phosphorylated (3,812 Ϯ 216 nmol/min/mg), followed by the peptide containing Ser-140 (1,876 Ϯ 40 nmol/min/mg). The mutation of Ser-210 or Ser-140 to a nonphosphorylatable alanine residue abolished the peptide phosphorylation, confirming that the serine residues are the target sites. The lack of phosphorylation in the S210A peptide also indicates that Ser-208 in the mutant peptide is not a phosphorylation site. Compared with the peptide containing Ser-210, the peptides containing Ser-195, Ser-375, or Ser-376 were poorly phosphorylated at the level of 5% or lower. The peptide containing the predicted Ser-201 was not phosphorylated by PKA.
Using peptide substrates, we characterized the phosphorylation of Ser-140 and Ser-210 by kinetic analysis. In one experiment, the PKA activity on the Ser-140 or Ser-210 peptides was measured at the saturating concentration of ATP by varying the peptide concentration. In another experiment, the enzyme activity was measured at the saturating concentration of the peptides by varying the ATP concentration. In both analyses, the PKA activity followed typical Michaelis-Menten kinetics (data not shown). As shown in Table 1 , the apparent V max values were 1.4-and 2-fold higher, respectively, with respect 
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to the Ser-210 peptide and ATP when compared with the Ser-140 peptide and ATP. In contrast, the apparent K m values were 32-and 5-fold lower, respectively, for the Ser-210 peptide and ATP than for the Ser-140 peptide and ATP. Accordingly, specificity constants (i.e. V max /K m ) were 45and 10-fold higher, respectively, for the Ser-210 peptide and ATP than for the Ser-140 peptide and ATP, indicating that Ser-210 is a much better phosphorylation site when compared with Ser-140.
The sequence analysis of Spo7 predicts that Ser-28, Ser-41, Ser-42, and Ser-258 are putative phosphorylation sites of PKA. As Spo7 is a relatively small protein consisting of 259 amino acid residues, we synthesized six peptides that cover the entire soluble region of the protein containing serine and threonine residues ( Fig. 1B) and analyzed whether they are the substrate of PKA ( Fig. 5B ). Of the Spo7 peptides, the one corresponding to residues 21-50 served as a PKA substrate. For this peptide containing three putative serine residues, we examined its phosphorylation by LC-MS/MS. This analysis identified Ser-28 as a major site of phosphorylation by PKA and Ser-41 and Ser-42 as minor phosphorylation sites. The Nem1 and Spo7 were co-expressed in yeast cells and purified by IgG-Sepharose affinity chromatography based on the protein A tag on Nem1. The Nem1-Spo7 complex was incubated for 10 min with the indicated amounts of alkaline phosphatase (AP) immobilized on agarose. The dephosphorylation of the complex was terminated by removing alkaline phosphatase through filtration. The Nem1-Spo7 phosphatase activity of the dephosphorylated enzyme was then measured by following the release of 32 P i from [ 32 P]Pah1. The Nem1-Spo7 activity was normalized to that of enzyme not incubated with alkaline phosphatase (left). The complex that had been incubated with 5 units of alkaline phosphatase was then incubated with PKA for 15 min, followed by the measurement of the Nem1-Spo7 phosphatase activity. The activity was normalized to that of the alkaline phosphatasetreated enzyme not phosphorylated by PKA (right). The Nem1-Spo7 phosphatase activity that was set at 100% was 12 nmol/min/mg. The data shown are averages of three experiments Ϯ S.D. (error bars). 
PKA phosphorylation of the Nem1-Spo7 phosphatase complex Mutagenesis and phosphopeptide-mapping analyses of Nem1 and Spo7 identify their major PKA phosphorylation sites
Based on the peptide phosphorylation data, we examined the full-length complex of Nem1-Spo7 for its phosphorylation by PKA. By site-directed mutagenesis, the serine residues of Nem1 (Ser-140 and Ser-210) and Spo7 (Ser-28, Ser-41, and Ser-42) were changed to the alanine residues. The mutant Nem1 (or Spo7) was coexpressed with WT Spo7 (or Nem1), and the Nem1-Spo7 complex was purified using a protein A tag on the Nem1 subunit by affinity chromatography. The purified Nem1-Spo7 complex was treated with PKA and [␥-32 P]ATP, resolved by SDS-PAGE, and analyzed by phosphorimaging ( Fig.  6 ). In the PKA phosphorylation of Nem1, the S210A mutation caused a 60% reduction, whereas the S140A mutation did not show a clear reduction. Compared with the single mutations, the combined mutation of S140A and S210A showed a stronger effect, causing an 80% reduction in the phosphorylation. In the PKA phosphorylation of Spo7, the S28A mutation had the effect of an 85% reduction. However, the S41A, S42A, and S41A/S42A mutations did not affect the phosphorylation of Spo7 (data not shown). Moreover, this analysis showed that the defect of Spo7 phosphorylation increased the phosphorylation of Nem1 by 60%. This indicated that the phosphorylation of Spo7 may prevent the phosphorylation of Nem1.
We further examined the PKA phosphorylation of Nem1-Spo7 by phosphopeptide mapping (Fig. 7) . In the analysis of Nem1 (Fig. 7A ), the WT protein showed multiple phosphopeptides with a similar extent of phosphorylation, and most of them were lost by the S210A mutation. This result indicates that the multiple phosphopeptides contain the same phosphorylated Ser-210 and suggests that they are produced due to incomplete proteolytic digestion. In contrast, the S140A mutation caused the loss of a single phosphopeptide. The combined mutation of S140A and S210A showed an additive effect on the phosphopeptide map. These results indicate that Ser-210 is a major site of Nem1 phosphorylation by PKA. In the analysis of Spo7 (Fig. 7B ), the WT protein showed one major peptide and a few minor peptides. The S28A mutation caused the loss of the major peptide and a minor peptide, indicating that Ser-28 is a major phosphorylation site. In contrast, the S41A, S42A, and S41A/S42A mutations did not cause the loss of the phosphopeptides (data not shown). Taken together, these results indicate that Ser-140 and Ser-210 of Nem1 and Ser-28 of Spo7 are major sites of the Nem1-Spo7 phosphorylation by PKA.
Nem1 and Spo7 are phosphorylated by PKA in vivo
To determine the in vivo phosphorylation of Nem1-Spo7 by PKA, the phosphatase complex isolated from yeast cells was examined by immunoblotting with an antibody against the phospho-PKA substrate. The immunodetection of Nem1 and Spo7 indicates that both subunits of the phosphatase complex are endogenously phosphorylated by PKA ( Fig. 8, left) . Because Ser-210 of Nem1 and Ser-28 of Spo7 were identified as major sites of phosphorylation by the protein kinase, we examined the effect of their mutations to nonphosphorylatable alanine residues. Immunoblot analysis of the phosphatase complexes consisting of Nem1(S210A) and Spo7 as well as of Spo7(S28A) and Nem1 showed that the detection of the mutant subunits was greatly reduced by the phospho-PKA substrate antibody ( Fig. 8, left) , but not by the antibodies against Nem1 and Spo7 (Fig. 8, right) . These results indicate that Ser-210 of Nem1 and Ser-28 of Spo7 are major sites of endogenous phosphorylation by PKA. 
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Effects of phosphorylation-deficient and -mimicking mutations of Nem1 and Spo7 on growth at elevated temperature and on lipid composition
To examine the effect of the PKA phosphorylation site mutations of Nem1 (S140A, S210A, S140D, and S210D) and Spo7 (S28A and S28D) on the physiological function of the Nem1-Spo7 complex, the mutations were introduced singly or in combination into chromosomal NEM1 and SPO7 by gene replacement. For NEM1, its functional allele NEM1-PtA was substituted for consistency with the in vitro analysis of the protein A-tagged Nem1 complexed with Spo7. First, we examined the growth of the cells expressing the mutant alleles of NEM1 and SPO7. As was known previously (1), the nem1⌬ or spo7⌬ mutations caused a lack of growth at 37°C, indicating the requirement of both subunits for the function of the Nem1-Spo7 complex (Fig. 9 ). Unlike the nem1⌬ or spo7⌬ cells, those harboring the nonphosphorylatable (serine-to-alanine) mutant allele (Fig. 9A ) or phosphorylation-mimicking (serine-to-aspartate) allele (Fig. 9B ) of NEM1 and SPO7 showed growth at 37°C that is indistinguishable from that of the control cells. This result indicates that the nonphosphorylatable and phosphorylation-mimicking mutations of Nem1 and Spo7 do not compromise the formation and function of the Nem1-Spo7 complex for cell growth at a higher temperature.
As the major regulator of Pah1 function, the Nem1-Spo7 complex was examined for its function in lipid metabolism. For this analysis, cells bearing the mutant alleles of NEM1 and SPO7 were radiolabeled for lipids with [2-14 C]acetate during growth to the exponential and stationary phases. As expected from early studies with WT cells (50, 51) , the TAG content of the control cells (NEM1 SPO7, yellow symbols) was 2.4-fold higher in the stationary phase than in the exponential phase ( Fig. 10) . Compared with the control cells, the nem1⌬ (black symbols) 
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and spo7⌬ (red symbols) mutants exhibited greatly reduced TAG content in the exponential (50%) and stationary phases (87%) of growth ( Fig. 10) . These data emphasize the prominent role of the Nem1-Spo7 complex in the regulation of Pah1 function in TAG synthesis. The reduced TAG levels of the nem1⌬ and spo7⌬ mutants, and particularly in the stationary phase, correlated with the concomitant increase in the levels of membrane phospholipids (Fig. 10B ). Together, these results exemplify the importance of the Nem1-Spo7/Pah1 phosphatase cascade in controlling the synthesis of TAG and membrane phospholipids from the common precursor PA (2, 3). In the exponential phase cells, the alanine mutations of the PKA sites in Nem1 and/or Spo7 did not influence the levels of TAG and phospholipids (Fig. 10A ). The effects of the phosphorylation site mutations on the amounts of TAG and phospholipids were event in the stationary phase, and particularly for cells harboring the NEM1(S140A) mutation (Fig. 10B ). For example, the TAG content of stationary phase cells with the NEM1(S140A) (blue symbols), NEM1(S140A/S210A) (dark red symbols), and NEM1(S140A) SPO7(S28A) (dark green symbols) mutations was 22, 18, and 32% (p Ͻ 0.05) greater when compared with that of the control cells (yellow symbols). The phospholipid content of the same cells was 25% (p Ͻ 0.05), 26% (p Ͻ 0.05), and 29% (p Ͻ 0.05) lower, respectively, when compared with the control cells. The phosphorylation-mimicking mutations did not have effects on the lipid composition of exponential or stationary phase cells (data not shown).
Discussion
In this work, we demonstrated that the Nem1-Spo7 phosphatase complex is phosphorylated by PKA, a protein kinase whose activity is associated with active cell growth and increased metabolic activity and an increase in membrane phospholipid synthesis (10, 41, 42) . Our in vitro experiments using the purified Nem1-Spo7 complex, as well as peptides derived from their sequences, indicated that both subunits of the complex are substrates for PKA. The immunoblot analysis of the complex derived from cells with the anti-PKA substrate antibody provided evidence that Nem1 and Spo7 are phosphorylated by PKA in vivo. The multifaceted biochemical and molecular genetics approaches used here led to the identifications of Ser-140 and Ser-210 in Nem1 and Ser-28 in Spo7 as sites of phosphorylation by PKA. Phosphoproteomics studies have shown that Ser-210 in Nem1 is a site of phosphorylation, but the protein kinase involved has been unknown (39, 40) until now.
Phosphorylation-deficient mutations in Nem1 and Spo7 were introduced into the chromosome to examine the physiological consequences of the phosphorylations by PKA. The analysis of the cells bearing the mutations indicated that the phosphorylations of the subunits alone, or in combination, are not necessary for their function in vivo. Cells bearing all of the PKA phosphorylation site mutations grew at 37°C, the restrictive temperature of growth for nem1⌬ and spo7⌬ mutants that lack the complex (1). Like cells that lack the Nem1-Spo7 complex, cells lacking Pah1 also exhibit a temperature-sensitive phenotype (4, 7, 33) . This phenotype is ascribed to the defect in DAG/TAG synthesis, as opposed to the increase in phospholipid synthesis (3). This assertion is based on the observation that temperature sensitivity is not suppressed by the lack of Dgk1, the CTP-dependent DAG kinase that converts DAG back to PA, which is then used to synthesize membrane phospholipids (52, 53) . The nuclear/ER membrane expansion phenotype, which is exhibited by cells lacking any component of the Nem1-Spo7/Pah1 phosphatase cascade, is based on elevated phospholipid synthesis; the dgk1⌬ mutation suppresses membrane expansion (1, 3, 4, 52) . Lipid analysis of cells harboring the phosphorylation-deficient mutations at the PKA sites in Nem1 and/or Spo7 showed that none of the mutations caused a 
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reduction in the synthesis of TAG or a stimulation in phospholipid synthesis. In fact, the mutations caused a small increase and corresponding decrease, respectively, in the relative amounts of TAG and membrane phospholipids. Thus, the PKA site mutations caused a gain-of-function phenotype for the Nem1-Spo7/Pah1 phosphatase cascade, which provides the explanation for why the mutations did not cause loss of growth at the elevated temperature. Also, the mutations would not be expected to cause nuclear/ER membrane expansion or a reduction in lipid droplets, although we did not score the mutants for these phenotypes. The effects of the phosphorylation site mutations on lipid composition were only observed in stationary phase cells, the phase of growth when the Nem1-Spo7/Pah1 phosphatase cascade has its greatest effect on lipid composition (7, 24, 26) . Cells harboring the S140A mutation in Nem1 alone, or in combination with the S28A mutation in Spo7, exhibited the greatest effects on lipid composition. Thus, the phosphorylations of Ser-140 in Nem1 and Ser-28 in Spo7 by PKA might be expected to inhibit Nem1-Spo7 phosphatase function and attenuate the synthesis of TAG (Fig. 11) . Admittedly, the effects of the mutations on lipid composition are subtle, indicating that the PKA-mediated phosphorylations of Nem1 and Spo7 may be a fine-tuning mechanism to regulate the Nem1-Spo7/Pah1 phosphatase cascade. It is also plausible that the regulation by PKA requires additional phosphorylations by other protein kinases to reveal its full effects on Nem1-Spo7 phosphatase function. For example, the effects of the PKA phosphorylation of Pah1 function are greatly enhanced by the multiple phosphorylations by Pho85-Pho80 (18) .
Ser-195 has been identified as a site in Nem1 that is phosphorylated in cells supplemented with rapamycin (15) , the inhibitor of the TORC1 protein kinase complex (54) . This phosphorylation, as mediated by an unknown protein kinase, correlates with the dephosphorylation of Pah1 and an increase in TAG content (15) , the inference being that the phosphorylation of Ser-195 in Nem1 stimulates its activity to elevate PA phos-phatase activity through the dephosphorylation of Pah1 (15) . The reduction in Nem1-Spo7 phosphatase activity in response to the alkaline phosphatase treatment might be related to the phosphorylation state of Ser-195, but this possibility has not been addressed. Our data indicated that Ser-195 is not a good target for PKA and that the phosphorylation of Nem1 and/or Spo7 by PKA does not have a stimulatory effect on the protein phosphatase activity of the complex. Instead, the PKA phosphorylation had a small, although not statistically significant, inhibitory effect on Nem1-Spo7 phosphatase activity after its treatment with alkaline phosphatase. The phosphorylation status of Ser-210, the major PKA site in Nem1, is unaffected in cells treated with rapamycin (15) . At this point, the connection between the phosphorylations of Nem1 by PKA and the unknown protein kinase that phosphorylates it in response to rapamycin is unclear.
The Nem1-Spo7/Pah1 phosphatase cascade exists in higher eukaryotes, and it is relevant to lipid metabolism (28, (55) (56) (57) (58) . First, the corresponding PA phosphatase activity in metazoans, and in particular humans, is encoded by three genes named LPIN1, LPIN2, and LPIN3 (59) . The molecular function of human lipin 1 as a PA phosphatase enzyme was only discovered after yeast Pah1 was shown to be a PA phosphatase enzyme (7) . Subsequently, lipins 1, 2, and 3 from mice were shown to be PA phosphatase enzymes (60) . Like Pah1, mouse lipin 1 is a highly phosphorylated enzyme, and the state of its phosphorylation governs its subcellular localization (61) (62) (63) (64) . Insulin-stimulated phosphorylation of a serine-rich region by an unknown protein kinase facilitates its binding to 14:3:3 proteins for cytoplasmic association (65) . TORC1 phosphorylates Ser-106 and Ser-472 (62) ; the identity of the protein kinases that phosphorylate all of the remaining sites is unknown. Second, an analogous Nem1-Spo7 complex exists in metazoans (28) . In humans, CTDNEP1 (C-terminal domain nuclear envelope phosphatase 1) is the catalytic subunit, whereas NEP1-R1 (nuclear envelope phosphatase 1-regulatory subunit 1) is the regulatory subunit (28) . Conservation of CTDNEP1-NEP1-R1 function is indicated by its complementing the yeast nem1⌬ spo7⌬ mutant phenotypes of nuclear/ER membrane expansion and reductions in TAG and lipid droplet formation (28) . Moreover, when expressed in human cells, the CTDNEP1-NEP1-R1 dephosphorylates lipin 1 (28) . Phosphoproteomics analysis has identified sites in CTD-NEP1 that are phosphorylated in vivo (66, 67) , and an analysis of mouse and human CTDNEP1 and NEP1-R1 with the Net-Phos3.1 server (43) indicates putative sites of phosphorylation by multiple protein kinases including PKA. Whether or not either subunit of the complex is phosphorylated by PKA is unknown, but the conservation of the Nem1-Spo7/Pah1 phosphatase cascade in higher eukaryotes provides impetus for this avenue of investigation.
The work presented here advances our understanding of the posttranslational modification of the yeast Nem1-Spo7 complex by phosphorylation, and it further demonstrates the importance of PKA in modulating lipid metabolism in yeast. The model shown in Fig. 11 illustrates the PKA-mediated phosphorylations of the Nem1-Spo7/Pah1 phosphatase cascade to inhibit TAG synthesis with a concomitant increase in phospholipids. It is also known that PKA has a positive influence on the 
CDP-DAG-dependent synthesis of phospholipids through the phosphorylations of Ura7 CTP synthetase (46, 68) and Cho1 phosphatidylserine synthase (49) , key enzymes that synthesize and utilize CDP-DAG, respectively (10, 11) . Thus, by phosphorylating these enzymes, PKA stimulates phospholipid synthesis and, at the same time, inhibits TAG production to ensure cells have enough membrane phospholipids for cell growth.
Experimental procedures
Materials
Difco was the source of growth media. Plasmid DNA purification kits and nickel-nitrilotriacetic acid-agarose resin were from Qiagen. The QuikChange site-directed mutagenesis kit, carrier DNA for yeast transformation, and enzyme reagents for DNA manipulations were obtained from Stratagene, Clontech, and New England Biolabs, respectively. PCR primers were prepared by Genosys Biotechnologies. DNA size ladders, molecular mass protein standards, and reagents for electrophoresis, immunoblotting, and protein determination were purchased from Bio-Rad. Ampicillin, carbenicillin, chloramphenicol, PCR primers, nucleotides, Ponceau S stain, Triton X-100, protease inhibitors (phenylmethylsulfonyl fluoride, benzamidine, aprotinin, leupeptin, and pepstatin), 2-mercaptoethanol, BSA, phosphoamino acid standards, isopropyl-␤-D-1-thiogalactoside, L-1-tosylamido-2-phenylethyl chloromethyl ketonetreated trypsin, alkaline phosphatase-agarose, and rabbit antiprotein A antibody (product P3775, lot 025K4777) were from Sigma-Aldrich. SYPRO Ruby protein gel stain was from Invitrogen. IgG-Sepharose, protein A-Sepharose, Q-Sepharose, PVDF membrane, and the enhanced chemifluorescence Western blotting detection kit were from GE Healthcare. Promega was the source of bovine heart PKA catalytic subunit. Nem1 and Spo7 peptides used for PKA phosphorylation assays were synthesized by EZBioLabs. The peptide sequences KESDQN-QERKNSVPKKPKA (residues 65-82) and REGARRRKQA-HELRPKSE (residues 242-259) at the N-terminal and C-terminal portions of Nem1 and Spo7, respectively, were synthesized and used to raise antibodies in New Zealand White rabbits at BioSynthesis, Inc. Rabbit anti-(phosphoserine/phosphothreonine) PKA substrate antibody (product 9624, lot 18) was from Cell Signaling Technology. Thermo Scientific was the source of alkaline phosphatase-conjugated goat anti-rabbit IgG antibody (product 31340, lot NJ178812). Lipids and TLC plates (cellulose and silica gel 60) were from Avanti Polar Lipids and EMD Millipore, respectively. P81 phosphocellulose paper was from Whatman. Radiochemicals were from PerkinElmer Life Sciences, and scintillation-counting supplies were from National Diagnostics. All other chemicals were reagent grade or better.
Strains and growth conditions
The bacterial and yeast strains used in this study are listed in Table 2 . The Escherichia coli strain DH5␣ was used for the propagation of plasmids. E. coli strains BL21(DE3)pLysS and BL21(DE3) were used to express His 6 -tagged Pah1 and His 6tagged Pho85 and Pho80, respectively. The bacterial cells were grown at 37°C in LB medium (1% tryptone, 0.5% yeast extract, 1% NaCl, pH 7.0). For the selection of cells carrying plasmids, 
This study PKA phosphorylation of the Nem1-Spo7 phosphatase complex the growth medium was supplemented with antibiotics (e.g. ampicillin, 100 g/ml; carbenicillin, 100 g/ml; chloramphenicol, 34 g/ml). The expressions of His 6 -tagged Pah1, His 6tagged Pho85, and Pho80 were induced with 1 mM isopropyl ␤-D-thiogalactoside. The Saccharomyces cerevisiae 3 strain RS453 or SS1010 was used for the galactose-induced expressions of the WT and mutant forms of the Nem1-Spo7 complex (Nem1 tagged with protein A). The yeast were routinely grown at 30°C in SC medium containing 2% glucose; appropriate amino acids were omitted from the growth medium to select for cells carrying specific plasmids (69) . For the galactose-induced expressions of protein A-tagged Nem1 and Spo7, cells were first grown to the exponential phase in SC medium with 2% raffinose and then grown in the same medium for 8 h with 2% galactose. For the growth spot test, cells were grown on YEPD (1% yeast extract, 2% peptone, and 2% glucose) agar plates (69) . Cell numbers in liquid cultures were determined spectrophotometrically at A 600 nm . Solid medium plates were prepared by adding agar (1.5% for E. coli and 2% for yeast) into the lipid growth medium.
Construction of plasmids and yeast strains
The plasmids used in this study are listed in Table 3 . The isolation of chromosomal and plasmid DNA, the digestion and ligation of DNA, and PCR were performed according to standard protocols (70, 71) . E. coli (70) and yeast (72) transformations were performed as described previously. pWM210 was constructed from the vector pRS314 at the PstI site by insertion of 1.8-kb GAL1/10-NEM1-PtA, which was released from pRS313-GAL1/10-SPO7. pGH443 was constructed from the vector pRS415 at the XhoI/NotI sites by insertion of the 2.3-kb SPO7 DNA, which was amplified by PCR from strain BY4741. The derivatives of YCplac111-GAL1/10-NEM1-PtA, YCplac111-NEM1-PtA, pWM210, and pGH443 were produced by PCRmediated site-directed mutagenesis using the plasmid templates.
Yeast strains with chromosomal mutations were generated by one-step gene replacement (73) . The nem1⌬::URA3 and spo7⌬::URA3 disruption cassettes, which consist of the URA3 gene flanked with the 50-bp sequences corresponding to the upstream and downstream of the NEM1 or SPO7 coding sequence, were generated by PCR from the template pRS416 and pRS426, respectively. Strain SS1002 (RS453 nem1⌬::HIS3) was transformed with the nem1⌬::URA3 disruption cassette, and the transformants were selected on SC medium lacking uracil. Of the Ura ϩ transformants, the nem1⌬::URA3 mutant (WMY161) was identified by its lack of growth on SC medium lacking histidine. The nem1⌬::URA3 mutant was then transformed with 2.8-kb NEM1-PtA or its phosphorylation site mutant allele produced from YCplac111-NEM1-PtA and its derivatives, and the resulting transformants were selected on medium containing 5-fluoroorotic acid. The 5-fluoroorotic acid-resistant transformants were analyzed by PCR to confirm gene replacement and by DNA sequencing of the PCR products to confirm the mutation of the NEM1 coding sequence. Strain RS453 or WMY162 (RS453 NEM1-PtA) was transformed with the spo7⌬::URA3 disruption cassette, and the resulting transformants were selected on SC-Ura medium. Of Ura ϩ transformants, the spo7⌬::URA3 (GHY67) and NEM1-PtA spo7⌬:: URA3 (GHY68) mutants were identified by PCR analysis of genomic DNA. The NEM1-PtA spo7⌬::URA3 mutant was then PKA phosphorylation of the Nem1-Spo7 phosphatase complex transformed with 2.3-kb SPO7 DNA released from pGH444 or pGH445, and the transformants were selected on 5-fluoroorotic acid medium. The 5-fluoroorotic acid-resistant transformants were analyzed by PCR to confirm gene replacement and by DNA sequencing of the PCR products to confirm mutations in the SPO7 coding sequence. Strains carrying combined mutations of NEM1-PtA and SPO7 were constructed from the NEM1-PtA mutant by disruption of SPO7 with URA3, followed by the marker gene replacement with the SPO7 mutant allele as described above.
Preparation of cell extracts, purification of enzymes, and protein determinations
All steps were performed at 4°C. Lysates were prepared by disruption of the yeast cells with glass beads (0.5-mm diameter) using a BioSpec Products Mini-BeadBeater-16 (74). The cell disruption buffer contained 50 mM Tris-HCl (pH 7.5), 0.3 M sucrose, 0.15 M NaCl, 10 mM 2-mercaptoethanol, 0.5 mM phenylmethanesulfonyl fluoride, 1 mM benzamidine, 5 g/ml aprotinin, 5 g/ml leupeptin, and 5 g/ml pepstatin (7) . The WT and mutant forms of the Nem1-Spo7 complex (Nem1 tagged with protein A) were purified from yeast cells by IgG-Sepharose affinity chromatography as described by Siniossoglou et al. (75) with the minor modifications described by Su et al. (6) . His 6tagged Pah1 expressed in E. coli was purified by affinity chromatography with nickel-nitrilotriacetic acid-agarose (7) followed by Q-Sepharose chromatography as described by Su et al. (6) . The His 6 -tagged Pho85-Pho80 protein kinase complex expressed in E. coli was purified by nickel-nitrilotriacetic acidagarose affinity chromatography as described by Jeffery et al. (76) . SDS-PAGE analysis indicated that these enzyme preparations were highly purified. The protein content in solution was estimated by the method of Bradford (77) or by ImageQuant analysis of Coomassie Blue-stained or SYPRO Ruby-stained SDS-polyacrylamide gels. BSA was used as the standard in estimating protein concentrations in solution or in polyacrylamide gels.
SDS-PAGE and immunoblotting
SDS-PAGE (78) was routinely performed with a 10 or 12% slab gel, and immunoblotting (79, 80) was performed with a PVDF membrane. The samples for blotting were normalized to total protein loading on SDS-polyacrylamide gels. Ponceau S staining was used to monitor the protein transfer from the gel to the PVDF membrane. The IgG fraction of the rabbit anti-Nem1 and anti-Spo7 antibodies were purified from antisera by protein A-Sepharose chromatography (81) and used for immunoblotting experiments. The antibody preparations were characterized with respect to specificity using the purified preparation of the Nem1-Spo7 complex. The rabbit anti-Nem1 and anti-Spo7 antibodies were used at a protein concentration of 1 g/ml. The rabbit anti-protein A and anti-(phosphoserine/phosphothreonine) PKA substrate antibodies were used at dilutions 1:1,000 and 1:4,000, respectively. Alkaline phosphatase-conjugated goat anti-rabbit IgG antibody was used at a dilution of 1:5,000. Immunecomplexesweredetectedusingtheenhancedchemifluorescence immunoblotting substrate. Fluorimaging was used to acquire fluorescence signals from immunoblots, and the inten-sities of the images were analyzed by ImageQuant software. A standard curve was used to confirm that the immunoblot signals were in the linear range of detection.
PKA phosphorylation assays
The phosphorylations of WT and mutant forms of Nem1 and Spo7 complex by PKA were routinely measured in triplicate at 30°C by following the incorporation of radiolabeled phosphate from [␥-32 P]ATP into each protein. The reaction mixture contained 25 mM Tris-HCl (pH 7.5), 10 mM MgCl 2 , 2 mM DTT, 100 M [␥-32 P]ATP (3,000 cpm/pmol), the indicated amount of Nem1-Spo7 complex, and the indicated amount of PKA in a total volume of 20 l. The PKA reaction was terminated by the addition of 5ϫ Laemmli sample buffer (78) , subjected to SDS-PAGE to separate 32 P-labeled Nem1 and Spo7 from [␥-32 P]ATP, and transferred to a PVDF membrane. Radioactively labeled Nem1 and Spo7 were visualized by phosphorimaging, and the extents of their phosphorylations were quantified by ImageQuant software. For the phosphorylations of Nem1 and Spo7 peptides, the reactions were terminated by spotting the reaction mixture onto a P81 phosphocellulose paper. The paper was washed three times with 75 mM phosphoric acid and then subjected to scintillation counting. The phosphorylation reactions were linear with time and protein concentration. One unit of PKA activity was defined as 1 nmol/min.
Analysis of phosphoamino acids and phosphopeptides
Pieces of PVDF membrane containing 32 P-labeled Nem1 or Spo7 were subjected to hydrolysis with 6 N HCl at 110°C (for phosphoamino acid analysis) or proteolytic digestion with L-1tosylamido-2-phenylethyl chloromethyl ketone-trypsin (for phosphopeptide-mapping analysis) (82) (83) (84) . The acid hydrolysates were mixed with standard phosphoamino acids and separated by two-dimensional electrophoresis on cellulose TLC plates. The tryptic digests were separated on the cellulose plates first by electrophoresis and then by TLC (82) (83) (84) . Radioactive phosphoamino acids and peptides were visualized by phosphorimaging analysis. Nonradioactive phosphoamino acid standards were visualized by ninhydrin staining.
Analysis of phosphorylation sites by mass spectrometry
The PKA-phosphorylated Spo7 peptide was analyzed by MS at the Rutgers Mass Spectrometry Center for Integrative Neuroscience Research. The phosphorylated peptide was analyzed by LC-MS/MS on a Thermo LTQ Orbitrap Velos mass spectrometer. The data were analyzed against the Spo7 sequence using the MASCOT search engine on Proteome Discoverer software.
Nem1-Spo7 phosphatase assay
Nem1-Spo7 phosphatase activity was measured by following the release of 32 P i from [ 32 P]Pah1 (6) . The reaction mixture contained 100 mM sodium acetate (pH 5.0), 10 mM MgCl 2 , 0.25 mM Triton X-100, 1 mM DTT, 0.25 M phosphorylated Pah1, and the Nem1-Spo7 complex in a total volume of 50 l. Following 10-min incubation, the reaction was terminated by the addition of 0.5 ml of TCA (20% final concentration) and 0.2 ml PKA phosphorylation of the Nem1-Spo7 phosphatase complex of BSA (0.4 mg/ml final concentration); samples were cooled on ice for 15 min to allow precipitation of proteins. The mixture was centrifuged for 20 min at 15,000 ϫ g to separate the reaction product 32 P i from the substrate, and a 0.2-ml aliquot of the supernatant was measured for radioactivity by scintillation counting. The amount of phosphate produced in the reaction was calculated on the basis of the specific activity of the [␥-32 P]ATP used to prepare [ 32 P]Pah1. A unit of Nem1-Spo7 phosphatase activity was defined as the amount of enzyme that catalyzed the formation of 1 nmol of phosphate/min. The Nem1-Spo7 phosphatase reactions, which were conducted in triplicate at 30°C, were linear with time and protein concentration. To prepare the radioactive substrate, Pah1 was phosphorylated by the Pho85-Pho80 protein kinase complex using 100 M [␥-32 P]ATP (5,000 -10,000 cpm/pmol) as described by Choi et al. (16) . The Pho85-Pho80 complex was removed from 32 P-labeled Pah1 by Q-Sepharose chromatography (6) .
Radiolabeling and analysis of lipids
The steady-state labeling of lipids with [2-14 C]acetate (85), the extraction of lipids from the radiolabeled cells (86) , and their separation one-dimensional TLC (87) were performed as described previously. The resolved lipids were observed by phosphorimaging and quantified by ImageQuant software. The identity of radiolabeled lipids was confirmed by comparison with the migration of authentic standards visualized by staining with iodine vapor.
Analyses of data
SigmaPlot software was used for statistical analyses, where p values Ͻ 0.05 were taken as a significant difference. The Enzyme Kinetics module of the SigmaPlot software, which uses the Marquardt-Levenberg algorithm, was used to determine kinetic parameters according to the Michaelis-Menten equation. 
